Frailty is a clinical syndrome that is increasingly prevalent during aging. Frailty involves the confluence of reduced strength, speed, physical activity, and endurance and is associated with adverse health outcomes. The present study adapts existing clinical and preclinical indices of frailty to the Fischer (F344) rat. Male F344 rats (n = 133; 17 mo) completed a battery of behavioral tasks, including forelimb wire suspension (strength), rotarod (speed), open field (physical activity), and inclined screen (endurance). Rats that performed poorly (lowest quintile) on two tasks were considered mildly frail (17.29%, n = 23), and rats that performed poorly on 3-4 tasks were considered frail (2.26%, n = 3). Logistic regression of 100-day survival revealed that mildly frail rats were 3.8 times and frail rats were 27.5 times more likely to die during that period than nonfrail rats (p = .038; 95% confidence interval: 2.030, 372.564). The selected criterion tests, cutoff points, and index provide a potential tool for identifying frailty in aged F344 rats, which is consistent with existing frailty indices for humans and mice.
Over the past century, the average life span has increased dramatically, and this demographic shift has led to an increase in the number of people living past the age of 65. With the retirement of the baby boomers looming, this trend is expected to intensify in coming years and, with it, concern over age-related pathology. Frailty is a clinical syndrome that is increasingly prevalent during old age. Frailty has been defined as "a medical syndrome with multiple causes and contributors that is characterized by diminished strength, endurance, and reduced physiologic function that increases an individual's vulnerability for developing increased dependency and/or death." (1) Frailty affects approximately 9.9% of adults older than 65 years; however, estimates reach as high as 59.1% depending on the frailty measure employed (2) .
Currently, there are more than 20 validated instruments for identifying and/or measuring frailty among older adults (3) . However, two models of frailty predominate: the frailty phenotype model and the cumulative deficit model (4) . The frailty phenotype, proposed by Fried and colleagues (5) , focuses on five specific criteria for unsuccessful physiological aging: unintended weight loss, exhaustion, decreased activity, slow gait speed, and weakness. Alternately, the cumulative deficit model takes a broader approach by evaluating a large number of health variables and determining the proportion of variables that show deficits (6, 7) . While the two frailty models use different approaches to arrive at a frailty score, they have similar predictive capability (8) .
Recently, both frailty models have been reverse translated for use with mice. Liu and colleagues (9) developed a phenotypic frailty index in which frailty is identified in aging C57BL/6 mice. Due to the small number of animals in their study, frailty was identified by the presence of a deficit (−1.5 SD) in three of four frailty criteria, which include grip strength, walking speed, activity level, and endurance. A second designation, "mild frailty," was indicated by a deficit in two of the four criteria. Similarly, Parks and colleagues (10) developed a frailty index based on deficit accumulation in which aging C57BL/6 mice were assessed on 31 health-related variables. Each variable was then given a graded score based on whether it was −1, −2, or −3 SD relative to reference values for mice of that strain and sex, and then the scores were averaged to produce a frailty index ranging from 0 to 1. Both mouse frailty indices identify frailty at a rate consistent with frailty in humans and both have subsequently been used in evaluating frailty interventions in aging mice (11) (12) (13) .
Although mice are the most commonly used rodent model of aging (14) , rats have played and continue to play an important role in exploring the behavioral and neurocognitive aspects of aging (15, 16) . Despite their widespread use, no comparable frailty index currently exists for rats. Therefore, the present study adapts the frailty index of Liu and colleagues (9) for mice to create a comparable phenotypic frailty index for rats. The phenotypic approach was selected because it relies on a few, select measures of frailty rather than the accumulated results of a wider variety of measures. Although the frailty criteria are preserved, the specific behavioral tasks used to assess them have been altered for ease of administration and suitability for use with aged rats. Given the large sample size in the present study, the lowest performance quintile was used to determine deficits for each of the criteria, as per Fried and colleagues (5); however, the −1.5 SD cutoff was also evaluated for comparison with the criteria of Liu and colleagues (9) . The rats were then tracked for about 100 days to evaluate the ability of the frailty index to predict survival.
Methods

Animals
One hundred and thirty-three male Fischer 344 rats (17 mo) were obtained from the NIA aged rat colony. This age was selected because it provides adequate remaining life span in which to conduct an intervention study without undo mortality (2 mo prior to 90% survival and 6 mo prior to 50% survival (17) ) and is an age at which age-related risk factors may still be modifiable. Rats were housed in hanging wire cages, with ad libitum access to food and water, and were maintained on a 12-hour light/dark cycle at 22°C. Rats consumed a modified NIH-31 diet (Harlen/Teklad, Madison, WI; (18) ) and body weights ranged between 319 and 485 g (average = 402.02 ± 23.27 g) at the start of testing. Behavioral testing was conducted in the colony room during the rats' light cycle following 2 weeks of acclimatization, and all rats were handled daily for 5 days prior to testing. Rats were subsequently used for a separate experiment (in which they consumed either a 1% or 2% raspberry or a modified NIH-31 control diet) and then euthanized by decapitation approximately 100 days following behavioral testing. All procedures, including an exemption from the Guide for the Care and Use of Laboratory Animals (19) for housing conditions, were approved by the Institutional Animal Care and Use Committee (IACUC) at the Human Nutrition Research Center on Aging (HNRCA) at Tufts University.
Frailty Criteria
In keeping with the phenotypic approach adopted by Liu and colleagues (9) and the clinical criteria described by Fried and colleagues (5) ( Table 1) , grip strength, endurance, walking speed, and physical activity were used as criteria for indexing frailty. The tasks used to measure these criteria have been adapted to better fit standard testing procedures for the larger F344 rat, and each of the selected tasks are sensitive to age-related changes in motor function (20) .
Grip Strength
Unlike mice (9), rats were unwilling to cling to an inverted wire grid. Therefore, forelimb wire suspension (20) was used to assess grip and forelimb muscle strength. Rats were draped over and allowed to grip a 12-gauge wire, which was suspended horizontally, 55 cm above a thick foam-core pad. Rats were then allowed to hang there until they fell onto the pad and latency to fall was recorded (max 60 s).
Walking Speed
A rotarod is an age-sensitive task (20) used to assess walking speed. The rotarod (Ugo Basile, Italy) consists of an elevated dowel (7-cm diameter) that rotates and slowly accelerates (+2 rpm / 30 s; 20 rpm max). Rats were placed on the rotarod where they had to walk to maintain their position atop the dowel. Latency to fall was recorded (max 300 s).
Physical Activity
Although in-cage run wheels are useful for measuring physical activity in mice (9), they are impractical for widespread use with rats due to their larger size. Therefore, an open field was used to measure spontaneous physical activity. Rats were placed in the center of a dimly lit circular arena (90-cm diameter) for 15 min while their spontaneous movement was recorded by an overhead camera. Image-tracking software (HVS Image, Hampton, England) was used to compute the total distance traveled.
Endurance
An inclined screen (20) was used to assess physical endurance. Rats were placed, head-up, on an inclined wire screen apparatus that was tilted to 60° above horizontal. Rats then clung to the screen until sliding off the lower edge. Latency to fall was recorded (max 600 s).
Determination of Frailty Index
Given the large number of animals included in the present study, cutoff points for each criterion were evaluated based on the lowest quintile of performance in accordance with the clinical cutoff described by Fried and colleagues (5) . Briefly, for each test, rats were rank ordered according to performance. Rats were identified as "frail" if they ranked in the lowest 20% of performance on three or four of the tests, "mildly frail" if they ranked in the lowest 20% of performance on two of the four tests, and "nonfrail" if they ranked in the lowest 20% of performance on one or none of the tests.
For comparison, cutoff points for each criterion were also evaluated at −1.5 SD below the mean in accordance with the mouse frailty index described by Liu and colleagues (9) . Briefly, for each test, performance of the rats was standardized. Rats were identified as "frail" if their z score was less than −1.5 on three or four of the tests, "mildly frail" if their z score was less than −1.5 on two of the four tests, and "nonfrail" if their z score was less than −1.5 on one or none of the tests.
Analysis
Statistical analysis was conducted using SPSS (SPSS Inc., Chicago, IL).
Results
Grip Strength
Grip strength was measured by forelimb wire suspension (Figure 1 ). Rats were able to hang for between 1.38 and 19.03 s, and the average latency to fall was 7.63 s and the SD was 3.43 s. The longesthanging rat in the lowest quintile clung for 4.69 s. By comparison, the −1.5 SD cutoff was 2.48 s and five animals were below the cutoff.
Walking Speed
Walking speed was measured by rotarod ( Figure 2 ). Rats were able to walk atop the apparatus for between 17 and 139 s, and the average latency to fall was 56.50 s and the SD was 28.73 s. The longestwalking rat in the lowest quintile walked for 30 s. By comparison, the −1.5 SD cutoff was 13.40 s and no animals were below the cutoff.
Physical Activity
Physical activity was measured in an open field ( Figure 3 
Endurance
Endurance was measured by inclined screen (Figure 4 ). Rats were able to cling for between 32 and 600 s, and the average latency to fall was 213.57 s and the SD was 150.52 s. The longest-clinging rat in the lowest quintile stayed on the apparatus for 69 s. By comparison, the −1.5 SD cutoff was −12.21 s, and no rats were below this cutoff.
Frailty Index
Using the lowest quintile as the determinant for the four frailty criteria, rats were indexed according to the number of frailty criteria they met ( Table 2 ). Of the 133 rats, 23 rats were identified as mildly frail (meeting two criteria) and three were identified as frail (meeting 3-4 criteria). However, when the −1.5 SD cutoff was applied to the four frailty criteria, no rats were identified as mildly frail or frail. Initial body weight was not a factor in frailty determination with nonfrail 
Survival
Following behavioral testing, rats were used in a separate study (data not shown) in which early morbidity and mortality were tracked. Of the initial 133 rats, 115 survived this follow-up period (≈100 d). Of the 18 that did not survive, 4 were found dead (cause unknown) by caretakers and 14 were euthanized due to substantial weight loss (>15% of initial body weight) and/or kidney failure. Frailty significantly correlated with nonsurvival (r = 0.240), and logistic regression revealed that mildly frail rats were 3.8 times and frail rats were 27.5 times more likely to die or require euthanasia during that period than nonfrail rats (p = .038; 95% confidence interval: 2.030, 372.564). Initial body weight did not appear to be a factor in survival with survivors weighing 402.4 ± 20.5 g and nonsurvivors weighing 399.3 ± 37.3 g (mean ± SD; p = .601). Additionally, no significant differences in body weight or mortality were observed between diet groups in the second study.
Discussion
The purpose of the present study was to adapt the frailty index of Liu and colleagues (9), developed for use with the C57BL/6 mouse, and the frailty phenotype model of Fried and colleagues (5) used with humans, for use with a commonly used rodent model of aging, the F344 rat. The phenotypic frailty criteria used in both the clinical (5) and mouse (9) frailty index (strength, speed, activity, and endurance) have been retained in this rat frailty index; however, the motor tasks used to measure frailty criteria have been selected to account for rats' larger bodies. Rats that performed in the lowest quintile on two of the four frailty criteria were identified as "mildly frail," while rats that performed in the lowest quintile on three or four of the frailty criteria were identified as frail. Using this procedure, 23 of the 133 rats in the study were identified as mildly frail and 3 were identified as frail.
The behavioral tasks used in this frailty index have been adapted for use with rats. In the frailty index of Liu and colleagues (9) , four frailty criteria were assessed according to three behavioral tests: the inverted cling grip test, rotarod, and voluntary wheel running. The inverted cling test involves placing an animal atop a wire grid, which is then inverted, and the latency for the animal to fall onto a soft pad is used as a measure of grip strength. Although it is an easy and effective test to administer to mice, we found that aged rats were unwilling to perform the task and fell immediately upon inversion. We therefore adopted the forelimb wire suspension test, which also measures grip strength but without the sudden inversion. Rotarods are commercially available for both mice and rats, and so the larger rat apparatus was used in the present study. Instead of wheel running, we substituted the widely used open field test to measure spontaneous activity due to its shorter test duration (15 min vs 1 week) . Lastly, Liu and colleagues (9) operationalized endurance as the average of the inverted cling grip and rotarod tests; however, this approach has been criticized for relying on measures already included in the index (21) . Therefore, we used the inclined screen test, on which aged rats can cling for an extended period (up to 10 min) before falling. It should be noted that, while compatible with the lowest quintile approach used here, the extended cling times and performance floor result in a −1.5 SD below 0 s, making it an unsuitable test for use with a −1.5 SD cutoff.
In the clinical frailty index developed by Fried and colleagues (5), the lowest quintile of performance was used as a cutoff for three of the five frailty criteria. Liu and colleagues (9) , however, used −1.5 SD as a cutoff due to the small number of animals with which they developed their mouse frailty index (n = 11). In the present study, a large number of rats were used (n = 133); therefore, the lowest quintile was set as the cutoff for frailty criteria. Using these criteria, 17.3% of rats were identified as mildly frail and 2.3% were identified as frail. The percentage of frail rats reported here is particularly low because the F344 rats were tested at an age consistent with more than 90% survival, whereas the C57Bl/6 mice, tested by Liu and colleagues (9) , were at an age consistent with ≈50% survival. For comparison, the more conservative −1.5 SD cutoff used by Liu and colleagues (9) was also evaluated; however, no animals exceeded this cutoff on more than one of the criteria in the present study, and thus no animals would have been identified as frail.
Following behavioral testing for the present study, rats served as subjects for a subsequent study in which they consumed either a raspberry or control diet for about 100 days. During this period, 13.5% of rats died or were euthanized. Logistic regression indicated that this frailty index was a significant predictor of whether rats survived to complete a subsequent intervention study. Therefore, this frailty index may be a useful screening tool for intervention studies in aged F344 rats; however, further validation may be required to generalize these methods to other rat species.
In conclusion, the present index provides a useful method for identifying frailty in aged rats, which is consistent with both clinical and murine frailty indices. Frailty is a significant health concern for our growing population of older adults, and this frailty index expands the number of model species available for preclinical research into the causes and potential treatment of human frailty.
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